Quantum noise limits the precision of any measurement that uses coherent states. However, advances in generation of quantum entangled states, such as spin squeezed states, allows breaking this fundamental limit. Typically, experimental realizations of such states use relatively small particle numbers for which the quantum effects are more apparent, but they remain challenging for largescale systems as their quantum noise is often overwhelmed by the classical noises. Here, we report the realization of a spin squeezed state of 10 11 hot atoms in a macroscopic vapor cell with about 2.1 dB squeezing generated by using adiabatic pulse control and motional averaging. The number of atoms in the squeezed state greatly exceeds that in previously reported squeezed ensembles, and bears an angular resolving power of (1.3 µrad) 2 , exceeding the previous best result for spin squeezed states by 1000 times. Our work demonstrates the possibility of quantum enhancement even in high-atom-number systems, and expands the benefits of quantum metrology to macroscopic systems. * Electronic address: heng.shen@physics.ox.ac.uk † Electronic address: yxiao@fudan.edu.cn
Introduction
Measurements lay at the foundations of physical science, and seeking for higher measurement precision is a longlasting challenge. In an ensemble of independent particles the standard quantum limit is given by atom projection noise (PN) [1, 2] , which arises from the projections of the individual particle's quantum states, and is proportional to the square root of the particle number N at . In this situation increasing the number of participating spins is advantageous, since the relative measurement precision is proportional to 1/ √ N at . Any further spin noise reduction requires quantum entanglement of the particles, making efficient generation of spin squeezed states an important goal in metrology [3] . While measurements with large number of particle hold promise of superior sensitivity, the experimental realization of large-scale spin squeezed states (SSS) poses many technical challenges. First, the reduced relative level of quantum noise puts more stringent requirements on the suppression of any classical noises that often scale as N at and thus easily overwhelm the atom projection noise, proportional to √ N at . Also, the larger volume of the ensemble makes it more difficult to achieve a uniform atom-light coupling for all the atoms that is essential for reliable state preparation, manipulation and detection [4] . Furthermore, the unavoidable inhomogeneous background of electrical and magnetic fields causes spin dephasing and shortens the lifetime of the desired quantum state. Last, the inef-ficiency of employing a cavity to enhance the coupling strength for a large-size vapor cell limits the effective optical depth and consequently the attainable squeezing. These problems hinder the implementation of quantum control [5] and measurements in large systems. So far, most spin squeezed states (SSS) have been created in relatively small ensembles of cold atoms or trapped ions with N at ≤ 10 6 [2, [6] [7] [8] [9] [10] .The only experiment with uncooled atoms used 10 8 atoms confined in a room temperature micro-cell inside an optical cavity [11] .
In this paper, we report the experimental realization of spin squeezed state in a cavity-free macroscopic vapor cell, containing 10 11 87 Rb atoms, increasing the size of the ensemble by a factor of 10 3 compared to the previous experiments [11] . We achieved about 2.1 dB squeezing by the Wineland criterion [12] , and observed a squeezing lifetime up to 1.5 ms, which is relatively long compared to typical spin relaxation times in both warm or lasercooled atomic ensembles [13] . While we were able to take advantage of some previously developed techniques, such as a stroboscopic probing for back-action evasion [11] , we found it necessary to develop the new technique of adiabatic pulse control and to employ the motional averaging process in an anti-relaxation-coated cell [14] to accommodate a much larger atomic ensemble, both in physical size and particle number. These techniques are broadly applicable in quantum engineering of macroscopic large atomic systems for eliminating classical atomic noise, achieving near-unity spin polarization and uniform atom-light coupling.
The reported results present an important step in practical realization of quantum-enhanced precision measurements and quantum control in macroscopic systems. A The coherent spin state (CSS) nearly along the magnetic field in x direction is created by optical pumping, with a pump laser tuned to the Rb D1 transition 5S 1/2 F = 2 → 5P 1/2 F ′ = 2 and a repump laser stabilized to the Rb D2 transition 5S 1/2 F = 1 → 5P 3/2 F ′ = 2, both with σ − circular polarization. A linearly polarized off-resonance D2 laser, propagating in z direction, probes the quantum fluctuations of the spin. The Stokes component Sy is measured using a balanced polarimetry scheme and detected at the Lamor frequency by a lock-in amplifier. (b) Pulse sequence. The pump lasers are turned on to prepare the atoms into CSS, and then turned off adiabatically (see text), followed by the probe pulse. The first part (pulse duration τ1) of the probe, called squeezing pulse, creates entanglement between Sy and Jz. Jz is squeezed through the detection of Sy, and after a short gap time ∆τ , the second part (pulse duration τ2), called the verification pulse, verifies the squeezing. To evade back-action, the probe light is modulated stroboscopically at twice the Larmor frequency (Larmor period TL).
warm atom vapor cell is a unique system for precision measurements such as magnetometry [15] , fundamental symmetry test [16, 17] and gravitational wave detection [18] , due to its simplicity, robustness and ease to achieve the large atom number. For instance, the most sensitive atomic magnetometers [19] are based on a vapor cell containing 10 13 atoms. As the sensitivity approaches the quantum limit [20, 21] , realization of SSS becomes an important goal for further improvement in the performance of such systems. Our result paves the way of beating the atom projection noise limit in a practical, thermal atomic system without the need for cryogenic elements or laser cooling, and further advances the abil-ity of performing quantum measurement for macroscopic objects.
Results
The quantum state of an atomic ensemble can be described by the collective spin operators that are the sums of the total angular momenta of individual atomsĵ k i aŝ J i = kĵ k i , with i = x, y, z. In our experiment, a homogeneous DC bias magnetic field B and the spin orientation are both in the x-direction, and the collective spin componentsĴ y,z oscillate in the lab frame at the Larmor frequency Ω L = g F µ B B/ , where g F is the hyperfine Landé g-factors for the ground state of 87 Rb, and µ B is the Bohr magneton. In the rotating frame, they still obey the commutation relation Ĵ y ,Ĵ z = iJ x ( = 1) and the uncertainty relation V ar(Ĵ y ) · V ar(Ĵ z ) ≥ Jx 2 4 . The Hamiltonian of the far off-resonance atom-light interaction in our experiment is [22]
where N ph is the number of photons in the pulse duration of τ .Ŝ z is the Stokes operator of the probe light, relating to the photon number difference between σ + and σ − polarization. This Hamiltonian describes a quantum non-demolition detection (QND), with the coupling constant κ characterizing the measurement strength, and
where σ 0 is the resonant scattering cross section, Γ the spontaneous decay rate of the excited state, and ∆ the laser detuning. Nominally A is the effective laser beam mode area, but in our experiment we instead have to use the cross sectional area of the atomic ensemble due to the motional averaging (i.e., atoms crossing the beam many times during the relevant interaction time) [4] . This Hamiltonian describes the vector atom-light interaction, and the second rank tensor polarizability can be neglected due to the relatively large laser detuning [22] . As a result of such interaction, the atomic spins are rotated around the z-axis by the amount proportional toŜ z . Likewise, the Stokes vector is rotated about the z-axis by an amount proportional toĴ z . This is a circular birefringence effect and this interaction gives us the desired Faraday interaction [23] . We note that in principle this system can have single-atom spin squeezing (electron-nuclear spin entanglement), as shown in ref. [24] for Cs. Here, however, due to the large detuning ∆, this squeezing process is negligible, and atom-atom entanglement dominates. SinceĴ z commutes withĤ int , the Hamiltonian evolution preserves its value, which ensures the QND nature of the interaction. At the same time, the light and the collective spin become entangled: the Stokes operatorŜ y for the optical field carries the information of the atomiĉ J z , whileĴ y carries the information of theŜ z , being the quantum bus for each other [4] . The first process enables the conditional measurements and squeezing ofĴ z , since the measurement ofŜ y spin component acquires the information ofĴ z and collapsesĴ z to a certain eigenstate. The second process gives rise to back-action, as the quantum light field perturbs the evolution of the probed atomic ensemble in a stochastic way.
The experiment setup ( Fig. 1 ) includes a 4-layer magnetic shielding, containing a paraffin-coated 20 mm × 7 mm × 7 mm rectangular vapor cell, and a set of coils for generating a homogeneous bias magnetic field of 0.71 G which causes a ground-state Zeeman splitting of about Ω L = 2π × 500 kHz. The measured decay times for the atomic Zeeman population and coherence are T 1 = 125 ms and T 2 = 20 ms, respectively, with the latter mainly limited by residual magnetic field inhomogeneity. A y-polarized probe laser propagating along the z axis is blue-detuned by 2.1 GHz from the 5S 1/2 , F = 2 → 5P 3/2 , F ′ = 3 transition of the 87 Rb. Its intensity is modulated at twice the Larmor frequency by an acousto-optic-modulator to implement the stroboscopic quantum back-action evasion protocol [11] , with an optimal duty cycle of D = 14%. In this protocol, the variance ofŜ y in photon shot noise (SN) units for pulse duration τ after the interaction is [22] V ar(Ŝ out y,τ ) SN ≈ 1 +κ 2 +κ
where D is the duty cycle, andκ 2 is proportional to κ 2 with an coefficient accounting for the stroboscopic effect [22] . The home-made balanced photo detector for measuring the S y has the quantum efficiency of 92.4% [25] and operates in unsaturated regime for light powers up to 12 mW. First, we prepare the atoms in the coherent spin state (CSS) 5S 1/2 |F = 2, m F = −2 (with quantum number m F associated with the quantization axis along x, the direction of the bias magnetic field) by applying the circularly polarized and spatially-overlapped σ − pump and repump lasers propagating along the xdirection [22] (Fig.1 ). We achieve up to 97.9% degree of spin orientation, as measured by the magneto-optical resonances [22, 26] . The optimized laser powers are 50 mW for the repump and 5 mW for the pump, both having elongated-Gaussian transverse intensity distribution to match the cell geometry. The probe mode is a symmetric Gaussian with 1/e 2 beam diameter of 6 mm. All three fields cover nearly the entire cell volume.
The greatest challenge to obtain quantum squeezing for a large ensemble is to reduce all classical noises below the atom projection noise, as often the classical noise power scales as N at times that of the quantum noise. Strict orthogonality between the polarized spin and the probe field's wave vector is required to avoid the any contributions of the classical spin component in the y-z plane to the quantum noise measurement. Such alignment can be optimized using the intensity-modulated pump field as in a Bell-Bloom magnetometer configuration [27] , which produces a large classical signal proportional to the mismatch between the pump's wave vector direction and the bias magnetic field direction x. However, even after such fine tuning, a small residual π polarization component persists when viewing in the x-quantization basis, which, together with the σ − component, creates unwanted ground state coherence (associated with a superposition state |F = 2, m F = −2 +ǫ |F = 2, m F = −1 where ǫ ≪ 1) via two-photon processes, creating an additional classical spin component J y,z . Furthermore, an abrupt turn-off of the pump field can excite more coherence due to its broader Fourier spectrum.
Interestingly, such unwanted coherence can be eliminated by slowly turning off the pump lasers, as the parasitic superposition state adiabatically evolves to |F = 2, m F = −2 . Fig. 2 shows that the amplitude of the unwanted J z component mapped on optical S y component decreases exponentially for slower turn-off of the pump field, and the inverse of the characteristic 1/e time seems to be on the same order of magnitude as the Larmor frequency (see the inset in Fig. 2) . These observations qualitatively agree with the theoretical analysis of the coherent dynamics of a simplified two-state interaction system with time-varying light-atom coupling.
To calibrate the measured spin noise and establish the standard quantum limit, we measure the noise of the collective spin of an ensemble in thermal equilibrium (unpolarized), which is 1.25 times that of a CSS state [11, 22] . This measurement is insensitive to tensor interactions and stray electromagnetic fields, main disturbances of the spin noise measurements. In Fig. 3 , the coupling strength κ 2 and the atomic noise variance in the state prepared by optical pumping are plotted as functions of the atomic number. The observed linear scaling of spin noise power indicates a quantum-limited performance and a QND the number of atoms. The observed linear dependence proves that technical noise is mostly suppressed and the measured spin noise is at the projection noise limit (PNL).
character of the measurement. The atom number was independently measured by the off-resonant Faraday rotation [22] , which gave an optical depth of about 70 at the operation temperature of 53.5 • C. This temperature was chosen as a trade-off to maximize the size of the atomic ensemble, prevent anti-relaxation coating degradation, reduce the spin exchange process at higher temperature, and to attain high spin orientation.
To quantify squeezing, we use the squeezing parameter ξ 2 R by the Wineland criterion [12] , which is essentially the ratio of the angular resolving power of the spin squeezed state to that of the CSS, and has taken into account the unavoidable spin-vector shortening during squeezing:
where ∆φ is the angular resolution for the spin squeezed state and (∆φ) css is the angular resolution for CSS.
is the average spin for a perfect CSS along the x -direction, and | J x (τ tot ) | is the average spin of the prepared CSS after a total probing time of τ tot = τ 1 + ∆τ + τ 2 as shown in Fig.1, with τ 1 the squeezing pulse duration, τ 2 the verification pulse duration, and ∆τ the gap time in between. The ratio | J x | / | J x (τ tot ) | is obtained from the measurements of the population decay time T 1 with the probe on. ∆(Ĵ z ) 2 P N is the projection noise for perfect CSS deduced from the measured spin noise of thermal state, as explained above. ∆(Ĵ ′ z ) 2 is the conditional noise of the spin squeezed state [22] . Experimentally, the first measurement by the squeezing pulse provides information aboutĴ z , and the second measurement by the verification pulse evaluates its spin noise conditioned on the first measurement result.
The final results of the spin squeezing are shown in Fig. 4 . By optimizing the time durations τ 1,2 for the squeezing and verification pulse, the best squeezing of about 2.1 dB is realized at τ 1 = 1.23 ms corresponding to photon number of N p = 5.7 × 10 12 , and τ 2 = 0.41 ms. The gap time is ∆τ = 0.3 ms. The associatedκ 2 for this measurement duration τ 1 is 2.4, and the ideal relation ξ 2 R = 1/(1 +κ 2 ) [4] predicts 5.3 dB of noise reduction (not accounting for spin vector shortening) from the QND measurement. Our measured noise reduction is smaller, reaching only 3.3 dB, mainly due to the entanglement decay during probing. The obtained 2.1 dB squeezing is 1.2 dB smaller than the noise reduction, due to the residual back-action and less-than-unity orientation being responsible for 0.45 dB of excess noise above the projection noise limit (the 97.9% orientation contributed 0.26 dB excess noise above ideal CSS), together with the measured shortening of the spin vector by about 0.74 dB. The main limitation here is the relatively weak atom-light coupling which can be boosted by increasing the probe photon number until the Raman scattering becomes significant( Fig. 4(a-b) ). The measured squeezing was improved for shorter verification pulse, as longer pulses alter the already projected state during the first pulse.
We also measured the entanglement lifetime by varying the gap time ∆τ between the first and the second pulse. Fig. 4(c) shows that the noise reduction can be observed beyond a few milliseconds, while spin squeezing can last up to 1.5 ms, due to shortening of the spin vector mainly by the Raman scattering process. The millisecond entanglement lifetime is unusually long for a macroscopic ensemble of such size, as previous theoretical analysis [28] has shown that even a small inhomogeneity in coupling (10%) can diminish squeezing. We attribute such long entanglement preservation to the motional averaging process in the coated cell, enabling spin squeezing in spite of nonuniform laser illumination and magnetic field inhomogeneities [29] .
Despite the moderate squeezing level, this result gives the inferred angular resolution of about 1.3 µrad on the Bloch sphere, corresponding to 30 dB enhancement in angular resolving power (∆φ) 2 compared to the previous best result for a spin squeezed state [11] .
Conclusion
In conclusion, we demonstrated spin squeezing of an ensemble of 10 11 atoms, representing a three orders of magnitude improvement in both the size of the atomic ensemble and in the angular resolution compared to the previous experiments. Further improvements are possible, by, e.g., realizing a multi-pass scheme [29, 30] to enhance coupling strength and by implementing unconditional squeezing. On a broader level, this experiment demonstrates the feasibility of using macroscopic atomic ensembles for quantum-enhanced measurements by identifying key physical processes, such as adiabatic pulse turn-off and motional averaging, that are generally applicable to a wide range of other systems such as mechanical Fig.1 . Overall, the squeezing is better for shorter verification pulse τ2, and reaches its maximum at the squeezing pulse duration τ1 that balances the increased coupling strength due to higher photon number and the negative effect of the Raman scattering. The probe laser has an average power of 1.18 mW. (b) Spin squeezing vs. time duration τ1 of the first pulse for a fixed second pulse duration of τ2 = 0.41 ms. The uncertainty region is derived from 10 identical experiments, with each consisting of 10000 repetitions of the pulse sequence. (c) Noise reduction and spin squeezing as function of the gap time between the squeezing and verification pulses, with pulse durations of τ1 = 1.23 ms and τ2 = 0.41 ms, respectively. The probe field was on during the gap time to maintain the same tensor light shift of the atoms.
oscillators and trapped ions (in which phonons may be responsible for motional averaging).
